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ANALYTICAL INVESTIGATION OF SUPERSONIC 

TUR BOMACH INERY BLADING 

I1 - ANALYSIS OF IMPULSE TURBINE-BLADE SECTIONS 

by Louis J. Goldman 

Lewis Research Center 

SUMMARY 

An analysis was conducted to determine the geometric characteristics of supersonic 
impulse turbine-blade sections. The blade sections were designed to produce vortex flow 
conditions within the blade passage. 
numbers M1 and MU, inlet flow angle pi, and specific-heat ratio y on the geometric 
characteristics were investigated over an inlet Mach number range of 1. 5 to 5. 0. Blade 
design limitations imposed by consideration of supersonic starting and flow separation 
problems as well as restriction of the axial velocity to subsonic values were also investi- 
gated over the same Mach number range. 

The results of this analysis indicated that the lower-surface Mach number level M1 
and the inlet flow angle pi had a significant effect on blade shapes, whereas the upper- 
surface Mach number MU did not. 
specific-heat ratio y on blade shape was  small. 
sulted in thinner blades. The blade solidities CJ were affected significantly by all the 
design parameters. Increasing ML resulted in an increase in CJ, while increasing 
either MU or pi caused CJ to decrease. 
ing y tends to increase CJ. Although the design limitation considered herein places 
severe restrictions on the freedom on choice of the design parameters, it was  still pos- 
sible to obtain blades of reasonable shape and solidities that meet these restrictions. 

The effects of the lower- and upper-surface Mach 

For similar surface Mach numbers the effect of 
Increasing M1 o r  decreasing pi r e -  

For similar surface Mach numbers, increas- 

INTRODUCTION 

In certain turbodrive power generation systems it is desired to obtain a high specific 
work output, with the result that large pressure ratios across  the turbine are required. 



This can be accomplished with either many-stage subsonic o r  few-stage supersonic tur- 
bines. Supersonic turbines with one o r  two stages a r e  employed in special circumstances 
where the use of simple, low-weight systems can offset the lower efficiency expected 
from them because of the increased stage specific work. One such application for  the 
supersonic turbine involves the hydrogen-fueled open- cycle auxiliary space power system 
described in reference 1. 

To obtain the highest practical efficiency from supersonic turbines, proper design 
methods must be available. A method for  designing supersonic blade sections is given 
in reference 2. The method consists of converting the uniform parallel flow a t  the blade 
inlet into a vortex flow field, turning the vortex flow, and reconverting to a uniform 
parallel flow a t  the blade exit. The application of the design procedure involves the 
specification of the inlet and the outlet Mach numbers, lower- o r  concave-surface Mach 
number, upper- o r  convex-surface Mach number, inlet flow angle, and the specific-heat 
ratio of the working fluid. In general, a wide range of designs is possible by selection of 
these parameters.  Guidance in the selection of a blade design is obtained by considering 
blade shape, solidity, supersonic starting, and flow separation problems. Reference 2 
examines the effect of some of the design parameters  for  low Mach numbers and a 
specific-heat ratio of 1. 4. 

Because of the interest  in hydrogen-fueled auxiliary space power systems, an 
analysis was  conducted in order  to gain a better understanding of the effects of the design 
parameters on the resulting blade geometry and to extend the resul ts  of reference 2 to 
levels of interest for  such systems. A computer program was written for the design of 
blade sections applicable to any supersonic Mach number level and any specific-heat 
ratio. The mathematical description and the computer program a r e  given in reference 3 .  
In this report ,  the effects of surface Mach numbers, inlet flow angle, and specific- 
heat ratio on the geometric characterist ics of supersonic impulse turbine-blade sections 
a r e  investigated over an inlet Mach number range of 1. 5 to 5. 0. Blade design limitations 
imposed by consideration of supersonic starting and flow separation problems as well as 
restriction of the axial velocity to subsonic values a r e  also investigated over the same 
Mach number range. 

ANA LYTIC A L TEC H N IQ U E 

Blade Descr ip t ion a n d  Design 

Supersonic impulse turbine-blade sections designed to produce vortex flow conditions 
within the blade passage (as described in ref .  2) have been used as the basis of this in- 
vestigation. The blades so designed consist essentially of three major parts:  (1) inlet 
transition a rc s ,  (2) circular a r c s ,  and (3) outlet transition a rc s .  A sketch of a typical 
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blade is shown in figure 1. The inlet transition a r c s  (lower and upper) are required to 
convert the assumed uniform parallel flow at the blade inlet into vortex flow. The con- 
centric circular a r c s  turn and maintain the vortex flow condition. Finally, the outlet 
transition arcs reconvert the vortex flow into uniform parallel flow at the blade exit. 
Straight line segments parallel to the inlet and the outlet flow directions complete the 
blade. 

sition a rc s .  The method of characterist ics as applied to the two-dimensional, isentropic 
flow of a perfect gas  is utilized to calculate the transition a rc s .  
described in reference 3 is capable of designing blade sections by this method for any 
Mach number level and specific-heat ratio. In general, the inlet lower transition a r c  
reduces the Mach number f rom its value at the blade inlet Mi to a preselected value of 
lower-surface Mach number Mz, whereas the inlet upper transition a r c  increases the 
Mach number to a preselected value of upper surface Mach number MU. The surface 
Mach numbers remain constant, at these preselected values, on the lower and upper 
circular a rcs .  A t  the outlet region the procedure is reversed. 
variation is shown in figure 2 for a typical blade section. 

blade is, in general, made up of two parts (fig. 1): (1) the turning produced by the t ran-  
sition a r c  and (2) the turning produced by the circular a r c .  
MU (for fixed blade-inlet and -outlet Mach numbers Mi and Mo) determines the fraction 
of the total flow turning produced by the transition a r c  for  the lower and the upper sur -  
faces, respectively. m e n  considering flow turning at supersonic speeds, it is conve- 
nient to make use of the Prandtl-Meyer angle v, which is defined as the angle through 
which the flow must turn from a Mach number of 1 to the required Mach number. The 
flow turning produced by the transition a r c s  is then equal to differences in Prandtl-Meyer 
angles, being vi - vz and vu - vi for  the lower and the upper inlet transitions a rc s ,  
respectively. The relation between v and Mach number is shown in figure 3 for  
specific-heat ratios y of 1 . 3 ,  1 . 4 ,  and 1.66. As the Mach number approaches infinity, 
v approaches (77/2) [ q ( y  + 1)/ ( y  - 1) - g. For impulse blades (Mi = Mo o r  vi = v0) if 
vz = vi, the fraction of transition turning on the lower surface is zero, and all the flow 
turning is accomplished by the lower circular a r c .  A similar situation applies to the 
upper surface if vu = vi. As vZ is decreased and vu is increased from the value of 
vi, the fraction of transition turning on the lower and the upper surfaces increases.  

The design of the blade sections consists principally of obtaining the required tran- 

The computer program 

The surface Mach number 

The amount of flow turning produced by either the lower o r  the upper surface of the 

The selection of MI and 

For  a given inlet flow angle pi (for impulse blades, pi Po) ,  the minimum value of 
vZ is vi - pi, and the maximum value of vu is vi + pi that v Z >  0 and 

I (n /2)  [d(y + l ) / ( y  - 1) - 11) , which corresponds to a fractional turning of 1 and 
therefore no circular a r c .  
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Blade Design Limitations 

Establishment of supersonic flow on starting. - The mechanism by which the super- 
sonic flow condition is established within the passage must be known i f  the blade sections 
are to be designed properly. A s  a first approximation it is assumed that a normal shock 
wave spans the blade entrance at the instant of starting (ref. 2). The permissible con- 
traction of the blade passage is se t  by this condition, since the passage must be large 
enough to permit the shock wave to pass through. Fo r  specified surface Mach numbers 
(or v1 and vu), which fix the amount of contraction, there exists a maximum value of 
the inlet Mach number (or vi) for which supersonic flow can be established. The calcu- 
lation procedure for the supersonic start ing condition is given in  reference 2. The com- 
puter program described in  reference 3 is capable of making these calculations. In 
figures 4(a), (b), and (c) the maximum inlet Prandtl-Meyer angle (vi)max for  super- 
sonic starting is plotted as a function of v1 and vu for  specific-heat ratios of 1.3, 
1.4 ,  and 1.66, respectively. 
v = v 
A s  seen from the figures, increasing vu (or  Mu) at constant v or  increasing v (or  
M1) at constant vu increases (vi)max, which is desirable f rom starting considerations. 
Fo r  s imilar  surface Mach numbers, the maximum allowable inlet Mach number increases 
slightly as y increases. The inlet flow angle has no theoretical effect on flow estab- 
lis hment . 

In general, the supersonic starting condition places a severe restriction on the 
permissible design values of surface Mach numbers (or v1 and vu). 
can best be seen from an example. Suppose that a blade is to be designed for the follow- 
ing conditions: (1) y = 1.4 ,  (2) Mi = Mo = 2.  5 (or vi = vo = 39"), and (3) Pi = Po = 65'. 
From the previous discussion of transition turning i t  follows that (vZ)max = vi = 39 
and 

The dashed line in the figures represents the case where 
obviously an impossible situation, but it nevertheless puts a bound on the curves. u 1' 

1 1 

This restriction 

0 

= vi = 39O, which correspond to zero fractional transition turning. The 
fractional transition turning for the upper surface can be 1 if (vu)max = vi + Pi = 104' 
(since (vu)max < (n /2)  [& + l)/(y - 1) - 1] o r  -130'). The fractional turning for the 
lower surface cannot be 1 for this example since v1 = vi - Pi < 0 and therefore 
(vi)min = 0'. In figure 5 the maximum inlet Prandtl-Meyer angle (vi)max is plotted 
as a function of vu for this example. 
discussed previously a r e  shown. The dashed line represents vi = 39', and the region 
shown crosshatched would not be permissible for design purposes based on supersonic 
starting considerations. This restriction, unfortunately, rules out many blade designs 
which would otherwise be desirable. It should be emphasized that these restrictions 
apply only i f  a normal shock wave is present at  the instant of starting. In some cases 
this restriction may not be fully applicable as indicated by the experimental investiga- 
tion presented in reference 4. 

For  clarity only the bounds of vI and vu 
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Flow separation. - Consideration of the supersonic start ing conditions has indicated 
that it is desirable to maintain the surface Mach numbers (or Prandtl-Meyer angles) at 
high values. Large values of uu, though, would be expected to create adverse pressure 
gradients on the upper surface of the blade and result in flow separation. Experimental 
investigations of simple shapes with incompressible flow (ref. 5) have indicated that if the 
coefficient of pressure recovery (defined as the ratio of pressure rise to dynamic pres- 
sure) is less than about 1/2, flow separation may be avoided. This simple criterion is 
used herein to illustrate the design limitations due to  flow separation. For supersonic 
velocities, the coefficient of pressure recovery at separation may be less than 1/2, and 
therefore the design limitations will be more restrictive than indicated. The maximum 
value of uu that may be specified (for a given value of vo) without exceeding this crite- 
rion can be calculated as described in reference 3. Similar considerations can be applied 
t o  the lower surface, and in a n  analogous manner the minimum value of u (for a given 2 
value of vi) can be determined. The resul ts  of these calculations are shown in figure 6 
where the maximum and minimum values of upper and lower Prandtl-Meyer angles 

('u)max 
u 

the flow separation criterion a r e  shown in figure 7, for the example considered previously 
(vi = u = 39'). Figure 7 is a replot of figure 5, that is, a plot of (vi)max for supersonic 
starting against uu, on which (;f)min and (vu)max a r e  indicated. 
strictions of flow separation and supersonic starting would delete the a rea  shown cross- 
hatched from design considerations. 

number indicates two opposing tendencies. For  a given Mach number, as the axial com- 
ponent is decreased, the nozzle angle increases,  and therefore larger  nozzle lengths are 
required. On the other hand, increasing the axial Mach number decreases the tangential 
velocity with a resulting decrease in turbine work. 
subsonic values also restr ic ts  the inlet flow angle Pi (for given Mi) to values greater 
than arccos (l/IV$). For  Mi = 2. 5, (Pi)min = 66.5', so  that Pi would have to be speci- 
fied greater than 66.5' i f  the axial velocity is to be subsonic. In some instances super- 
sonic axial Mach numbers may be justified since under these conditions the nozzle is 
isolated from turbine produced disturbances. In this report  both subsonic and super- 
sonic axial Mach numbers a r e  considered. 

and q m i n  that may be specified without causing separation a r e  plotted against 
and vi for specific-heat ratios of 1.3 ,  1 .4 ,  and 1.66. The restrictions imposed by 

0 

- 0 
The combined re-  

Axial velocity. - Consideration of the specification of the axial velocity or Mach 

Limiting the axial Mach number to 

RESULTS OF ANALYSIS 

The results of the parametric study on turbine-blade geometric characterist ics 
(blade shapes and solidities) are presented in this section and discussed in te rms  of 
the design limitations resulting from consideration of supersonic starting, flow sep- 
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aration, and supersonic axial velocity problems. The calculations were performed with 
the use of the computer program described in  reference 3. 

Blade Shapes 

The effect of the design parameters (surface Mach numbers M and MU or  2 
surface Prandtl-Meyer angles vz and vu and inlet flow angle Pi) on the turbine- 
blade shapes are presented in figures 8,9, 10, and 11 for  inlet Mach numbers of 1. 5, 
2. 5, 3. 5, and 5. 0, respectively, and a specific-heat ratio y of 1.4. 
y on blade shapes is shown in figures 12 and 13 for  specific-heat ratios of 1 .3  and 
1.66, respectively, and an inlet Mach number of 2. 5. In each of these figures, parts 
(a), (b), and (c) represent the effect of v (or Mz)  on blade shape with all other pa- 
rameters  constant. The effect of vu (or Mu) on blade shape is obtained from part (d) 
by comparison with its corresponding design (same value of vz) given in either parts 
(a), (b), o r  (c). Finally, the effect of Pi (or  total flow turning angle 0 = 2Pi) on blade 
shape is shown in parts (e) and (f) .  

values of vz result  in thin blades. 
the whole range of vu. 
with increases in Pi resulting in thicker blades. 
numbers the effect of y on blade shape is small. 

edges, which would make them impractical for turbomachinery applications. 
for creating a finite wedge angle at the leading and trailing edge a r e  given in reference 2. 

The effect of 

2 

The shape of the blade is very sensitive to values of u 2 ,  and, in general, high 
The effect of vu on blade shape is small  over 

The flow angle Pi has a significant effect on blade shape, 
Fo r  s imilar  values of surface Mach 

The blade shapes shown i n  figures 8 to 11 have extremely thin leading and trailing 
Methods 

Blade Solidity 

The effect of vz and vu on turbine-blade solidity is shown in figure 1 4  for a total 
flow turning angle 0 of 130'. In figure 14, par ts  (a), (b), (c). and (d) a r e  for inlet 
Mach number of 1. 5, 2. 5, 3. 5, and 5. 0, respectively, and a specific-heat ratio 
y of 1. 4. The effect of y on blade solidity is shown in  parts ( e )  and (f )  for specific- 
heat ratios of 1. 3 and 1.66, respectively, and an inlet Mach number of 2. 5. 
solidity (7 is plotted as a function of v 
For  each constant value of vu the minimum value of v 
starting is indicated on the figure by a circle. The separation criterion is also indicated 
on the figure by a triangle, which represents the limits of surface Prandtl-Meyer angles 

The 
for representative values of vu in figure 14. 2 

that will permit supersonic 
2 

that will prevent flow separation, that is, (5 )min and Fu)max* 
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Increasing v (at constant vu) tends to increase the solidity, while increasing vu 1 
(at constant v ) decreases the solidity. A t  higher values of vi, there is less  change 1 
in solidity due to changes in  vu. For similar surface Mach numbers, increasing y 

tends to increase the solidity. 

than the separation criterion and, in general, blades of high solidity a r e  required to 
satisfy both these limitations. A s  vu increases, the supersonic starting criterion 
becomes less  restrictive, while the separation criterion becomes more important. 
Blades designed for values of 
criterion (except at high values of vi) and will result in the minimum blade solidity possi- 
ble, since either increasing v 

representative blades designed s o  as to meet the supersonic starting and flow separation 
criteria. The minimum value of 0 required to limit the axial velocity to subsonic values 
is indicated in figure 1 5  by circles. Figure 15 shows that blade designs a r e  possible that 
meet all three design restrictions (i. e. , supersonic flow will be established on starting, 
the flow will not separate, and the axial velocity will be subsonic) and still have reason- 
able solidities (between values of 2. 9 and 3. 6 ) .  
numbers large amounts of flow turning must be employed. Increasing 0 decreases the 
solidity. 

Fo r  completeness, the pertinent design parameters, resulting blade solidities, and 
design limitations for the blade shapes shown in figures 8 to 13 a r e  summarized in 
table I. 
that meets all three design restrictions. 

A t  low values of vu the supersonic starting criterion is more design restrictive 

and (Fu)max will, in general, satisfy the starting 

o r  decreasing vu will cause an increase in  solidity. 1 
The effect of total flow turning angle e on blade solidity is shown in figure 15 for 

Of course, at the higher inlet Mach 

Table I indicates that for each figure at least one blade design has been shown 

SUMMARY OF RESULTS 

An analysis was  conducted to determine the geometric characteristics of supersonic 
impulse turbine-blade sections. 
flow conditions within the blade passage. 
Mach numbers M1 and MU, inlet flow angle pi, and specific-heat ratio y on the 
geometric characteristics were investigated over an inlet Mach number range of 1. 5 
to 5.0. 
flow separation problems as well as restriction of the axial velocity to subsonic values 
were also investigated over the same Mach number range. The following results were 
obtained: 

and the inlet flow angle pi had a 
significant effect on blade shapes, whereas the upper-surface Mach number level MU 

The blade sections were designed to produce vortex 
The effects of the lower- and upper-surface 

Blade design limitations imposed by consideration of supersonic starting and 

1. The lower-surface Mach number level M 1 

I 
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did not. F o r  s imilar  surface Mach numbers the effect of specific-heat ratio y on 
blade shape was small .  Increasing Ml or decreasing Pi resulted in  thinner blades. 

2. All the design parameters affected the blade solidities significantly. Increasing 
M resulted in  an increase in  solidity, while increasing either Mu or  Pi caused the 
solidity to decrease. 
increase the solidity. 

velocity problems resulted in  severe blade design limitations. It is still possible, 
though, to design blades of reasonable shape and solidity and meet these restrictions. 

1 
F o r  s imilar  surface Mach numbers, increasing y tended to 

3. Consideration of supersonic starting, flow separation, and supersonic axial 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, July 25, 1967, 
128-31-02-25-22. 
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TABLE I. - SUMMARY O F  SUPERSONIC IMPULSE BLADE PARAMETERS 

1 . 4  

Figur 

Y 

Prandt l -Meyer  angles  

:nlet, 

V. 1 

Lower 
iurface, 

0 
4 
8 
0 
0 
0 

0 
12 
18 
18 
21 
21 

12 
34 
45 
34 
40 
40 

39 
45 
58 
58 
62 
62 

0 
13  
19 
19 
25 
25 

0 
10 
15  
1 5  
15 
1 5  

Upper 

VU 

surface,  

26 
26 
26 
77 
26 
26 

59 
59 
59 

104 
59 
59 

100 
100 
100 

59 
77 
77 

110 
110 
110 
77 
91 
91 

68 
68 
68 

108 
59 
59 

45 
45 
45 
89 
45 
45 

~ 

rota1 
flow 
i rn inf  
mgle, 

e 
130 
130 
130 
130 
110 
150 

130 
130 
130 
130 
120 
140 

130 
130 
130 
130 
130 
150 

130 
130 
130 
130 
140 
160 

130 
130 
130 
130 
120 
140 

130 
130 
130 
130 
120 
140 

Specific- 
heat 
ra t io ,  

Y 

Solidity, 
0 

2.26 
3.06 
4.02 
1.96 
2.96 
1.39 

1.92 
2.56 
3.07 
2.95 
4.05 
2.76 

2.30 
3.49 
5.56 
3.97 
4.48 
2.65 

3.11 
3.48 
5.57 
6.32 
5.78 
2.81 

1.85 
2.38 
2.77 
2.70 
4.16 
2.85 

2.11 
3.01 
3.72 
3.47 
4.39 
3.00 

Will 
supersonic 

flow be  
?stablished? 

Yes 
Yes  
Yes 
Yes 
Yes 
Yes 

No 
No 
Yes 
Yes 
Yes 
Yes 

No 
Yes 
Yes 
No 
Yes 
Yes  

No 
No 
Yes 
No 
Yes  
Yes  

No 
NO 

Yes 
Yes 
Yes 
Yes 

No 
No 
Yes 
Yes 
Yes 
Yes  

Will flow 
separation 
38 avoided? 

Yes 
Yes  
Yes 
No 
Yes 
Yes 

No 
No 
No 
No 
Yes 
Yes  

No 
No 
No 
No 
Yes 
Yes 

No 
No 
No 
Yes  
Yes 
Yes 

No 
No 
No 
No 
Yes 
Yes 

No 
No 
Yes 
No 
Yes 
Yes 

Is axial 
velocity 
subsonic ? 

Yes 
Yes 
Yes 
Yes 
Yes  
Yes 

No 
No 
No 
No 
No 
Yes 

No 
NO 

No 
No 
No 
Yes  

No 
No 
No 
No 
No 
Yes 

No 
NO 
No 
No 
No 
Yes 

No 
No 
No 
No 
No 
Yes 
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A B  Upper t rans i t i on  arc 
CD Lower t rans i t i on  arc 
BD Straight l i n e  

Figure 1. - Typical supersonic impulse t u r b i n e -  
blade section. 

20 40 
P 

1 
0 

I . .. -. -- ~ -~ 

Axial  distance 

Figure 2. - Typical surface Mach number  distr ibut ion for 
turbine-blade section. 

Specific-heat 
ratio, 

'randtl-Meyer angle, u, deg 
120 140 

Figure 3. - Var iat ion of Prandtl-Meyer angle w i th  Mach number  for  d i f ferent specific-heat ratios. 
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0 40 60 

Lowe;-surfa'ce 
Prandtl-Meyer 

angle, - 

80 120 140 
Upper-surface Prandtl-Meyer angle, vu, deg 

(a)  Specific-heat ratio, 1. 3. 

Figure 4. - Maximum inlet Prandtl-Meyer angle for supersonic starting as function of surface Prandtl-Meyer angle. 
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Lower-surface 
Prandtl-Meyer 

angle, 

decl 
9 1  

20 
15 - 
10 
05 
00- 
95 
90 - 
85 
80 
75- 
70 
65 
60 - 
55 
50 
15 - 
al 
35 - 
30 
25 
20- 
15 
10 - 

5 

0 - 

... i i  100 
120 140 

Upper-surface Prandtl-Meyer angle, vu, deg 

(b) Specific-heat ratio, 1.4. 

Figure 4. - Continued. 
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b 

i 

0 ItP 

n 

Nonstart ing 

40 

I t  I I 
Lower-surface 
Prandtl-Meyer 

angle, 

m Start ing 60 a0 

Upper-surface Prandt l -Meyer angle, vu, deg 

(c) Specific-heat ratio, 1.66. 

Figure 4. - Concluded. 

Lower-surface 
Prandt l -Meyer 

angle, 
u7, 

-~ Start ing 

I I 

50 70 90 110 
Upper-surface Prandt l -Meyer angle, vu, deg 

IO 

F igu re  5. - Supersonic start ing c r i t e r i on  applied to example 
tu rb ine .  In let  Mach number, 2.5; i n le t  Prandtl-Meyer 
angle, 39"; i n l e t  flow angle, 65". 

1 3  



- -- 11111 .=." I I 111 .I.. I I ..... "-1, -... I.--- . I---- 

0 20 40 60 80 

Y 

120 
Inlet  o r  outlet Prandtl-Meyer angle, vi or vo, deg 

Figure 6. - M i n i m u m  lower- a n d  maximum upper-surface 
PrandWMeyer angles to prevent flow separation as 
func t i on  of i n le t  o r  outlet Prandtl-Meyer angle. 

Lower-surface 
Prandt I-Meyer 

angle, 

I I ; 39" 104" I 

30 50 70 90 110 
0 

Upper-surface Prandtl-Meyer angle, vu, deg 

Figure 7. - Flow separation and supersonic start ing c r i t e r i on  

II I I - -  I I I 1 1  I 

applied to example tu rb ine .  
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't 

AA and CC Circular arcs 
AB Upper transition arc 
C D  Lower transition arc 
BD Straight l ine 

(a) Lower-surface Prandtl-Meyer angle, 0"; upper- 
surface Prandtl-Meyer angle, 26"; total flow t u r n -  
ing angle, 130"; solidity, 2.26; Iuwer-surface Mach 
number, 1.9 upper-surface Mach number, 2.0. 

A 

(d) Lower-surface Prandtl-Meyer angle, 0"; 
upper-surface Prandtl-Meyer angle, 77'; total 
flow turning angle, 130"; solidity, 1.96; lower- 
surface Mach number, 1.0; upper-surface Mach 
number, 5.0. 

(bl Lower-surface Prandtl-Meyer angle, 4"; 
upper-surface Prandtl-Meyer angle, 26"; 
total flow turning angle, 130"; solidity, 3. 06; 
lower-surface Mach number, 1.2; upper- 
surface kldch number, 2.0. 

(c) Lower-surface Prandtl-Meyer angle, 8"; 
upper -su rface P randtl -Meyer angle, 26"; 
total flow turning angle, 130"; solidity, 4.07; 
lower-surface Mach number, 1.4; upper- 
surface Mach number, 2.0. f\ 

( e )  Lower-surface Prandtl-Meyer angle, 0"; (1) Lower-surface Prandtl-Meyer angle, 0"; 
upper-surface Prandtl-Meyer angle, 26"; total 
flow turning angle, 110"; solidity, 2.96; lower- 
surface Mach number, 1.9 upper-surface Mach 
number, 2.0. Mach number, 2.0. 

upper-surface Prandtl-Meyer angle, 26"; total 
flow turning angle, 150"; solidity, 1.39; lower- 
surface Mach number, 1.0, upper-surface 

Figure 8. - Turbine-blade shapes at inlet Mach number of 1.5 (inlet Prandtl-Meyer angle, 12") and specific-heat ratio of 1.4. 
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(a) Lower-surface Prandtl-Meyer angle, 0"; 
upper-surface Prandtl-Meyer angle, 59"; 
total flow turning angle, 130"; solidity, 
1.92; lower-surface Mach number, 1.0; 
upper-surface Mach number, 3.5. number, 3.5. surface Mach number, 3.5. 

(b) Lower-surface Prandtl-Meyer angle, 12"; (c) Lower-surface Prandtl-Meyer angle, 18"; 
upper-surface Prandtl-Meyer angle, 59"; 
total flow turning angle, 130"; solidity, 3.07; 
lower-surface Mach number, 1. 7; upper- 

u pper-su rface Prandt I -Meyer angle, 59"; total 
flow turning angle, 130"; solidity, 2.56; lower- 
surface Mach number, 1.5; upper-surface Mach 

A 

(d) Lower-surface Prandtl-Meyer angle. 18"; 
upper-surface Prandtl-Meyer angle, 104"; 
total flow turning angle, 130"; solidity, 2.95; 
lower-surface Mach number, 1.7; upper- 
surface Mach number, 10.7. 

( e )  Lower-surface Prandtl-Meyer angle, 21"; 
upper-surface Prandtl-Meyer angle, 59"; 
total flow turning angle, 120"; solidity, 4.05; 
lower-surface Mach number, 1.8; upper- 
surface Mach number, 3.5. 

( f l  Lower-surface Prandtl-Meyer angle, 21'; 
upper-su rface Prandtl-Meyer angle, 59'; 
total flow turning angle, 14C'; solidity, 2. 76; 
lower-surface Mach number, 1.8; upper- 
surface Mach number, 3.5. 

Figure 9. - Turbine-blade shapes at inlet Mach number of 2.5(inlet Prandtl-Meyer angle, 39') and specific-heat ratio of 1.4. 
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(a) Lower-surface Prandtl-Meyer angle, 12"; 
upper-surface Prandtl-Meyer angle, 100"; 
total flow turning angle, 130"; solidity, 2.34 
lower-surface Mach number, 1.5; upper- 
surface Mach number, 9.2. 

(b) Lower-surface Prandtl-Meyer angle, 34"; 
upper-surface Prandtl-Meyer angle, 100"; 
total flow turning angle, 130"; solidity, 
3.49; lower-surface Mach number, 2.3; 
upper-surface Mach number, 9.2. 

(c) Lower-surface Prandtl-Meyer angle, 45"; 
upper-surface Prandt-Meyer angle, 100'; 
total flow turning angle, 130"; solidity, 
5.56; lower-surface Mach number, 2.8; 
upper-surface Mach number, 9.2. 

Id) Lower-surface Prandtl-Meyer angle, 34"; 
upper-surface Prandtl-Meyer angle, 59"; 
total flow turning angle, 130"; solidity, 
3.97; lower-surface Mach number, 2.3; 
upper-surface Mach number, 3.5. 

(e) Lower-surface Prandtl-Meyer angle, 40"; 
upper-surface Prandt-Meyer angle, 77"; 
total flow turning angle, 130"; solidity, 4.48; 
lower-surface Mach number, 2.5; upper- 
surface Mach number, 5.0. 

Figure 10. - Turbine-blade shapes at inlet Mach number of 3.5 (inlet Prandtl-Meyer angle, 59") and specific-heat ratio of 1.4. 

(f) Lower-surface Prandt-Meyer angle, 40"; 
upper-surface Prandtl-Meyer angle, 77"; 
total flow turning angle, 150"; solidity, 2.65; 
lower-surface Mach number, 2.5; upper- 
surface Mach number, 5.0. 
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A A  and CC Circular arcs 
A B  Upper transition arc 
CD Lower transition arc 
BO Straight l ine 

(a) Lower-surface Prandtl-Meyer angle, 39"; 
upper-surface Prandtl-Meyer angle, 110"; 
total flow turning angle, 130"; solidity, 3.11; 
lower-surface Mach number, 2.5, upper- 
surface Mach number, 13.9. 

(b) Lower-surface Prandtl-Meyer angle, 45"; 
upper-surface Prandtl-Meyer angle, 110"; 
total flow turning angle, 130"; solidity. 
3.48; lower-surface Mach number, 2.8; 
upper-surface Mach number, 13.9. 

(c) Lower-surface Prandtl-Meyer angle, 58"; 
upper-surface Prandtl-Meyer angle, 110"; 
total flow turning angle, 130"; solidity, 
5.57; lower-surface Mach number, 3.5; 
upper-surface Mach number, 13.9. 

(d) Lower-surface Prandtl-Meyer angle, 58"; 
upper-surface Prandtl-Meyer angle, 77"; 
total flow turning angle, 130"; solidity, 
6.32; lower-surface Mach number, 3.5; 
upper-surface Mach number, 5.0. 

(el Lower-surface Prandtl-Meyer angle, 62"; 
upper-su rface Prandtl -Meyer angle, 91"; 
total flow turning angle, 140"; solidity, 
5.78; lower-surface Mach number, 3.7; 
upper-surface Mach number, 7.0. 

Figure 11. - Turbine-blade shapes at inlet Mach number of 5.0 (inlet Prandtl-Meyer angle, 77") and specific-heat ratio of 1.4. 

( f )  Lower-surface Prandtl-Meyer angle, 62"; 
upper-surface Prandt-Meyer angle, 91"; 
total flow turning angle, 160"; solidity, 
2.81; lower-surface Mach number, 3.7; 
upper-surface Mach number, 7.0. 
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(a )  Lower-surface Prandtl-Meyer angle, 0"; (b) Lower-surface Prandt-Meyer angle, 13"; 
upper-surface Prandtl-Meyer angle, 68"; 
total flow turning angle, 130"; solidity, 
2.38; lower-surface Mach number, 1.5; 
upper-surface Mach number, 3.6. 

(c) Lower-surface Prandtl-Meyer angle, 19"; 
upper-su rface P randtl-Meyer angle, 68"; 
total flow turning angle, 130"; solidity, 2. 77; 
lower-surface Mach number, 1.7; upper- 
surface Mach number, 3.6. 

upper-surface Prandtl-Meyer angle, 68"; total 
flow turning angle, 130"; solidity, 1.85; lower- 
surface Mach number, 1.4 upper-surface 
Mach number, 3.6. 

A 

(dl Lower-surface Prandtl-Meyer angle, 19"; 
upper -su rface P randt -Meyer angle, 108"; 
total flow turning angle, 130"; solidity, 
2.74 lower-surface Mach number, 1.7; 
upper-surface Mach number, 7.1. 

( e )  Lower-surfact Prandt-Meyer angle, 25"; 
upper-su rface Prandtl-Meyer angle, 59"; 
total flow turning angle, 120"; solidity, 
4.16; lower-surface Mach number, 1.9; 
upper-surface Mach number, 3.1. 

( f )  Lower-surface Prandtl-Meyer angle, 25"; 
upper-surface Prandtl-Meyer angle, 59"; 
total flow turning angle, 140"; solidity, 
2.85; lower-surface Mach number, 1.9; 
upper-surface Mach number, 3.1. 

Figure 12. - Turbine-blade shapes at inlet Mach number of 2.5 (inlet Prandtl-Meyer angle, 43") and specific-heat ratio of 1.3. 
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(a) Lower-surface Prandtl-Meyer angle, 0"; 
upper-surface Pranutl-Rileyer angle, 45"; 
total flow turning angle, 130"; solidity, 
2.11; lower-surface Mach number, 1.0; 
upper-surface Mach number, 3.5. 

A 

(d) Lower-surface Prandtl-Meyer angle, 15"; 
upper-surface Prandtl-Meyer angle, 89"; 
total flow turning angle, 130"; solidity, 3.47; 
lower-surface Mach number, 1.7; upper- 
surface Mach number, 103. 

Figure 13. - Turbine-blade shapes 

(bl Lower-surface Prandtl-Meyer angle, 1C"; 
upper-surface Prandtl-Meyer angle, 45"; 
total flow turning angle, 130"; solidity, 3.0k 
lower-surface Mach number, 1.5; upper- 
surface Mach number, 3.5. 

(c) Lower-surface Prandtl-Meyer angle, 15"; 
upper-surface Prandtl-Meyer angle, 45"; total 
flow turning angle, 130"; solidity, 3.72; lower- 
surface Mach number, 1.7; upper-surface 
Mach number, 3.5. 

( e )  Lower-surface Prandtl-Meyer angle, 15"; ( f l  Lower-surface Prandtl-Meyer angle, 15"; 
upper-surface Prandtl-Meyer angle, 45"; total 
flow turning angle, 120"; solidity, 4.39; lower- 
surface Mach number, 1.7; upper-surface 
Mach number, 3.5. 

upper-surface Prandtl-Meyer angle, 45"; total 
flow turning angle, 140"; solidity, 3.00; lower- 
surface Mach number, 1.7; upper-surface 
Mach number, 3.5. 

at ir.let Mach number of 2.5 (inlet Prandtl-Meyer angle, 32") and specific-heat ratio of 1.66. 
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(a) Inlet and outlet Prandtl-Meyer angles, 12"; 
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specific-heat ratio, 1.4; in let  and outlet 
Mach numbers, 1.5. 
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u 
1.5 2.0 2.5 3.0 3.5 4.0 

(d) Inlet and outlet Prandtl-Meyer angles, 77"; 
specific-heat ratio, 1.4; in let  and outlet 
Mach numbers, 5.0. 

0 10 20 30 40 
Lower-surface Prandtl-Meyer angle, ul, deg ' 

1.5 2.0 2. 5 
Mach number 

(bl  Inlet and outlet Prandtl-Meyer angles, 39"; specific- 
heat ratio, 1.4; in let  and outlet Mach numbers, 2.5. 

0 M i n i m u m  uz (at constant u,,l 
consistent wi th starting - 
considerations 

. A Separation c r i t e r i on  (iJz),,,in - 
and (iJu),,, 

Upper-surface Upper-surface , 
-Prandtl-Mever'Mach I- number - 

0 20 40 60 

u 
1.5 2.0 2.5 3 . 0 3 . 5  

(c) Inlet and outlet Prandtl-Meyer angles, 59"; 
specific-heat ratio, 1.4; in let  and outlet 
Mach numbers, 3.5. 

Lower-surface Prandtl-Meyer angle, ul, deg 

1.5 2.0 2.5 
L 

Mach number 

(e) Inlet and outlet Prandtl-Meyer angles, 43"; specific- 
heat ratio, 1.3; in let  and outlet Mach numbers, 2.5. 

' 
1.5 2.0 2.5 

( f )  Inlet and outlet Prandtl-Meyer angles, 32"; 
specific-heat ratio, 1.66; in let  and outlet 
Mach numbers, 2.5. 

Figure 14. - Solidity characteristics of t u rb ine  blades. Total flow t u r n i n g  angle, 130'. 
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Figure 15. - Effect of total flow t u r n i n g  angle on solidity. 
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